affinity chromatography, refolding in the presence of arginine, CM-Sepharose column purification following TEV protease cleavage. The purified protein was functionally active, as determined by the lysozyme activity, proving the proper folding of protein. The purified lysozyme was used for the oligomerisation studies. The protein formed amyloid fibrils during incubation in acidic pH and elevated temperature. The recombinant EL forms two types of fibrils: ring shaped and linear, similar to the native EL. Keywords: amyloid fibrils/equine lysozyme/heterologous expression/inclusion body Lysozyme is widely distributed in animal and plant tissues and has a protective function. It hydrolyses 1,4-beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in a peptidoglycan. It was found that some mutants of human lysozyme are involved in systemic amyloidosis (Pepys et al., 1993; Valleix et al., 2002; Yazaki et al., 2003; Rocken et al., 2006) , moreover the wild-type human lysozyme is also able to form amyloid fibrils in vitro (Morozova-Roche et al., 2000) . Amyloidoses are human diseases that originate from the deposition of stable protein aggregates, amyloid fibrils (Uversky, 2007) . In this process a protein or a protein fragment changes from soluble form into insoluble fibrils, which accumulate in a variety of organs and tissues. The molecular mechanism of fibrillation involves protein assembling into cross-beta structures, which are hydrogen bonded into 2 -5 nm wide protofilaments associated laterally or twisted together to form fibrils that are 4 -13 nm wide (Dobson, 2003; Tycko, 2004; Eisenberg et al., 2006; Nelson and Eisenberg 2006) . It is proposed that the amyloid formation is a generic property of all proteins, not limited to disease-related proteins or peptides . Amyloid formation has been shown to proceed from extensively or partially unfolded states (Cao et al., 2003; Dobson, 2003) .
Equine lysozyme (EL) is an evolutionary link between structurally homologous proteins-lysozymes and a-lactalbumins (Morozova-Roche, 2007) . It has an active site of lysozymes, acts as a bacteriolytic enzyme and has a calcium (Ca 2þ )-binding site, characteristic for a-lactalbumins (Tsuge et al., 1992) . Recently it was demonstrated that a-lactalbumin forms amyloid fibrils at low pH (Goers et al., 2002) . During the thermal, chemical or pH denaturation, EL similar to a-lactalbumin forms equilibrium molten globules that are very stable. The molten globules are the intermediate state of fibril formation and aggregation. In the first step, the protofilaments of 2 nm height or ring-shaped structures are formed depending on the calcium chloride (CaCl 2 ) availability (Malisauskas et al., 2003) . Moreover, in the case of hen-egg-white lysozyme (HEWL) just a fragment (amino acid residues 49-101) is required for an efficient amyloid fibril formation (Mishra et al., 2007) . It was found that EL monomers and protofilaments are not toxic, but oligomers induce cell death (Malisauskas et al., 2005) .
EL is a very interesting system for protein folding studies and for the analysis of the formation of stable molten globules and amyloids. Although EL can be simply purified from milk (Noppe et al., 1996) , some structural investigations require, for example, isotopically labelled or mutated proteins that can be produced only using the recombinant organisms. Escherichia coli and yeast have been used for expression of the recombinant mammalian lysozymes. Human lysozyme (Koshiba et al., 1998) and canine milk lysozyme (Koshiba et al., 1999) were expressed in E.coli as inclusion bodies. Human and HEWL are mostly studied from the C-type lysozymes. Human lysozyme was also cloned and expressed in Pichia pastoris (Xiong et al., 2008) , Aspergillus oryzae (Tsuchiya et al., 1992; Jin et al., 2007) , Acremonium chrysogenum (Morita et al., 1995) and Saccharomyces cerevisiae (Yoshimura et al., 1988) . Moreover, it was expressed in the insect cells (Tsuchiya et al., 2005) , transgenic mice (Yu et al., 2006) and rice (Wilken and Nikolov, 2006; Hennegan et al., 2005) . The hen-egg lysozyme encoding gene was cloned and heterologously expressed in Saccharomyces (Nakamura et al., 2006) , Aspergillus niger (Archer et al., 1990; Jeenes et al., 1994) , P.pastoris (Saito et al., 2003; Masuda et al., 2005) , Pseudozyma sp. (Avis et al., 2005) and zebrafish (Yazawa et al., 2006) . EL was expressed in filamentous fungi A.niger (Spencer et al., 1999) ; however, purification of the recombinant protein was complicated due to the presence of fungal pigments. To avoid the purification problems, E.coli was chosen as a host for the production of large quantities of protein of interest. For the first time, we describe the production of the active recombinant EL in bacterial cells. Two highexpression plasmids and the protein purification procedures have been developed. Fibrillation studies showed that the recombinant protein forms analogous structural elements as in the case of a putative protein.
Materials and methods

Plasmids
pETM-11, pETM-50, pETM-52, pETM-80 and pETM-82 were a gift from Gunter Stier (European Molecular Biology Laboratory, Heidelberg, Germany) and pET28-EL was a gift from Mantas Mališauskas.
Bacterial strains, growth media and recombinant DNA techniques Escherichia coli cells were grown in Nutrient Broth (NB) (Oxoid) or NB agar plates at 308C. Kanamycin was used at 30 mg/l. Plasmid DNA was isolated using NucleoSpin plasmid (Macherey-Nagel) kits. Escherichia coli cells were transformed using standard methods. Enzymes for genetic engineering were from Fermentas (Lithuania). All constructs obtained were verified by DNA sequence analysis.
Construction of expression plasmids
EL encoding DNA fragment from the pET28a plasmid was cut out with NcoI and NotI and ligated into the pETM-11, pETM-50, pETM-52, pETM-80 and pETM-82 plasmids precut with the same restriction endonucleases. The competent E.coli DH5a cells were transformed using ligation mixtures and the clones were selected on the NB plates containing kanamycin. Positive clones with 412 bp inserts, selected after NcoI and NotI digestion were confirmed by DNA sequence analysis.
Expression of EL
The E.coli BL21 (DE3) or C43 (DE3) cells harbouring the appropriate plasmid were used for the production of the recombinant protein. Plated cultures were used to inoculate NB medium containing kanamycin. CaCl 2 of 10 mM was added to the medium when appropriate. Cultures were grown until late log-phase (A 280 nm, 0.8) at 308C and the protein expression was induced with 0.5 mM isopropyl-b-Dthiogalactopyranoside. The cells were maintained at 308C for 5 h and harvested by centrifugation (3000 g, 20 min, 48C).
Purification of EL
Harvested cells were washed, resuspended in 50 mM TrisHCl, pH 8.5 and disrupted by sonication. Cell debris was pelleted by centrifugation (10 000 g, 20 min, 48C). Insoluble inclusion bodies were solubilised in 6 M urea (in the same buffer) and applied to a nickel (Ni)-chelating affinity column (GE Healthcare) according to the manufacturer's instructions. Proteins were eluted with 500 mM imidazole, fractions containing His-tagged EL were pooled. Denatured proteins were refolded dialysing against 20 mM Tris -HCl, 1 mM 2-mercaptoethanol (2-ME), 10 mM arginine, pH 8.0. After refolding, soluble proteins were separated by centrifugation. The tag was removed by cleavage with tobacco etch virus (TEV) protease for 3 h at room temperature. The cleaved protein was applied to a Sepharose SP FF column (GE Healthcare) equilibrated with 20 mM Tris -HCl, pH 8, and EL was eluted with sodium chloride (NaCl) gradient (0 -1 M). Fractions containing the pure EL were pooled, dialysed against 20 mM ammonium hydrogen carbonate buffer, pH 7.5, and freeze-dried. Protein expression and purification was monitored by SDS-PAGE using 15% polyacrylamide TrisHCl gels. After electrophoresis, the gels were stained with Coomassie Blue G250. Protein concentration was determined using the Lowry method and spectrophotometrically at 280 nm using extinction coefficient 34 530 M/cm for EL.
Activity assay
EL activity assay was performed at 258C in 50 mM TrisHCl buffer, pH 7.5. Lysis of Micrococcus luteus cells (Sigma) (0.15 mg/ml) was monitored by measuring the decrease in absorbance at 450 nm over 30 s period (Kikuchi et al., 1988) . One unit of lysozyme is defined as the change in 0.001 units of absorbance/min. To compare with published information, we determined the lysozyme activity of HEWL (Fluka) under the same conditions.
Fibril formation
About 10 mg/ml or 1 mg/ml of EL was dissolved in 10 mM sodium acetate buffer, pH 4.5, containing 0.01% sodium azide with or without 10 mM CaCl 2 and incubated at 50 -558C for 3 -5 days.
Thioflavine T-binding assay
Fluorescence emission spectra of Thioflavine T (ThT), excited at 450 nm, were recorded between 460 and 600 nm on a PerkinElmer precisely LS55 luminescence spectrometer using excitation and emission bandwidths of 5 nm. Fibril formation was monitored by adding 10 ml aliquots from EL solutions to 1 ml of a 10 mM ThT solution (LeVine, 1993) .
Atomic force microscopy
Proteins from colloidal solution were immobilised on two opposite solid surfaces from the same source at the same time. Sheets of mica were used for the experiments. For this a small amount (typically 1 ml) of the solution was put on the base surface lying horizontally. On the top, another surface was laid down. Typically, the liquid was spread over the whole area under the weight of the top plate. The top plate was separated from the base plate by lifting up after fixed period called the immobilisation time in this report. The immobilisation time was individual for each pair of the surfaces and was from 5 to 20 min. The density of the surface objects was increased or decreased by the immobilisation time. Surrounding temperature was about 238C and the relative humidity of the air was about 45%. Both surfaces were rinsed in distilled water after the separation. The samples were dried in air for about 12 h before the surface analysis. Surfaces of the samples were visualised by scanning probe microscope SPM D3100/Nanoscope IVa (Veeco). The surfaces were typically scanned by the SPM in standard contact and tapping AFM modes. The images were processed by the Nanoscope software (Veeco).
Results
Construction of the expression plasmid, expression and purification of recombinant EL
As DNA sequence of EL is unknown, the reported amino acid sequence (McKenzie and Shaw, 1985) was exploited for the construction of the expression system. The pET28-EL plasmid containing the synthetic EL gene cloned through NcoI and HindIII restriction sites was used as a source of EL encoding DNA. Unfortunately the protein was not inducible using E.coli transformed with this plasmid. Therefore DsbA ( pETM-50 and pETM-52 vectors), DsbC ( pETM-80 and pETM-82 vectors) and the prolonged His tag ( pETM-11 vector) were fused to the N-terminus of EL. Only two constructs ( pM50-EL4 harbouring DsbA fused to EL in the pETM-50 vector and pM11EL13 encoding the EL with N-terminal His tag in the pETM-11 vector) produced the hybrid proteins visible in the PAGE. The hybrid protein M50-EL4 was probably transferred into the periplasmic space of E.coli strain C43 (DE3). Since the fused protein was active the host cells were lysed during the induction step, making the growth of cells hard to control. The pM11EL13 construct produced 50 mg of protein from 1 l of culture when expressed in the E.coli strain BL21 (DE3) and 20 mg/l in the E.coli strain C43 (DE3), but the recombinant protein was expressed as the inclusion bodies. Addition of CaCl 2 to the medium did not influence the expression, solubility or stability of the M11EL13 protein (Fig. 1) . The protein expressed as inclusion bodies was solubilised in 6 M urea and purified by Ni-chelating column. Denatured recombinant lysozyme was refolded by dialysis against buffer containing 2-ME and 10 mM arginine (Bajorunaite et al., 2007) . About 80% of the protein was soluble after refolding and the His tag was removed by proteolysis with TEV protease. Three additional amino acid residues (Gly-Ala-Met) were remaining at the recombinant protein (EL13) N-terminus compared with the native protein. An additional purification step using SP-Sepharose ion exchange chromatography was introduced to remove TEV protease. Both EL13 and TEV were adsorbed onto the SP column. TEV was removed from the column in the presence of 100 mM NaCl and EL13 was eluted at 250 mM of NaCl (Fig. 2) . The recombinant His-tagged protein (M11EL13) showed a very low activity and the specific activity was not higher than 5 + 1 U/mg protein. The specific activity of the recombinant EL (EL13) after removing the tag increased up to 25 000 + 3000 U/mg.
Amyloid fibril formation
For the fibrillation studies, EL was expressed in the E.coli strain BL21 (DE3) and purified from the inclusion bodies and treated as described in the Materials and Methods section. As the native EL formed ring-shaped and filamentous structures in the solution at pH 4.5 and 55-578C (Malisauskas, 2003) , the similar conditions were chosen for the fibrillation of the recombinant EL13. About 1 and 10 mg/ ml were incubated for 5 -6 days at 558C, with or without CaCl 2 . After 1 day of incubation gel-like structure was observed in the 10 mg/ml samples. After 2 days of incubation, ThT bound to the formed fibrils, as seen from the increased fluorescence of dye (Fig. 3) . Atomic force microscopy revealed several types of fibril structures between which the closed rings and the bent or straight short aggregates were observed (Fig. 4) .
EL13 in the presence of 10 mM CaCl 2 formed circular amyloid structures and linear bent aggregates. The linear structures are ca. 100 -300 nm in length and ca. 3 nm in height. Cross section of the filament along its axis demonstrates that it is a segmental structure, with height variation from 1.5 to 3 nm (Fig. 4A ). This observation indicates that filaments are divided into segments. Ring-shaped structures are ca. 80 nm in diameter and ca. 3 nm in height ( Fig. 4B  and C) . In the absence of CaCl 2 , the same structures were observed. The dominant form of fibrils in both protein samples was ring shaped. 
Active recombinant equine lysozyme
The stability of the recombinant EL13 was also very similar to that of the native EL. After 7 days of incubation at 558C and pH 4.5, the EL13 was degraded, as showed in the SDS-PAGE of the protein (Fig. 5) . Similar results were obtained for the native EL. The protein was fragmented under acidic conditions ( pH 2) during the prolonged incubation (after 2 days at 578C and after 8 days at 378C), although after 7 days of incubation at pH 4.5 and 578C only 14.645 Da protein corresponding to intact EL was observed (Malisauskas et al., 2003) .
Discussion
EL belongs to the family of C-type lysozymes, but has some unique structural properties typical of a-lactalbumins. Ca-binding domain is characteristic for EL as well as for pigeon egg white lysozyme (Nitta et al., 1993) and echidna lysozyme (Kikuchi et al., 1998) . Only equine milk lysozyme from these lysozymes unfolds through a stale molten globule intermediate, observed and characteristic for a-lactalbumin (Kikuchi et al., 1998) .
The aim of this study was to create an expression system of EL in E.coli cells. Previously the recombinant EL was only expressed in the filamentous fungi (Spencer et al., 1999) . The disadvantages of this expression system are posttranslational modifications existing in A.niger, acidic conditions during the growth of the organism, which destabilise the EL and a difficult purification procedure (Spencer et al., 1999) . Purification from the mare milk is not complicated (Noppe et al., 1996) , but for some investigation a recombinant protein is required.
Several variants of recombinant plasmids harbouring the EL gene have been constructed. The clones created on the basis of the pET28a, pETM-52, pETM-80 and pETM-82 vectors produced no proteins.
Esherichia coli produced the hybrid proteins if transformed with pM50-EL4 harbouring DsbA fused to EL in the pETM-50 vector or pM11EL13 encoding the EL with N-terminal His tag in the pETM-11 vector. DsbA-fused EL (DsbA-EL) was soluble and active; however, extremely unstable and uncontrollable. Moreover, the DsbA-EL destroyed E.coli cells during the growth. About 2 mg of the fused protein per 1 l of the culture was produced during cell growth, but the yield of the homogenous lysozyme reached only 10%. Therefore, His-tagged EL was chosen for further studies. Amongst the recombinant lysozymes only a few of them were soluble when expressed in E.coli: the human lysozyme in the presence of the trigger factor and GroEL-GroES chaperones (Nishihara et al., 2000) , the hen-egg lysozyme expressed as the OmpA-fused soluble protein (Fischer et al., 1993) and the lysozyme from Hirudo medicinalis (Zavalova et al., 2004) . In all cases when lysozyme was expressed as a soluble protein this led to the breakdown of the cells (hen-egg (Fischer et al., 1993) and medicinal leech lysozymes (Zavalova et al., 2004) ) or the specific activity was much lower than the specific activity of the authentic protein [human lysozyme (Nishihara et al., 2000) ].
The His-tagged EL was expressed in the form of inclusion bodies. Such behaviour was also observed in the case of other lysozymes. These include canine (Koshiba et al., 1999) , hen-egg (Schlorb et al., 2005) and Tapes japonica (Takeshita et al., 2004) lysozymes; however, the expression level differed: 50 mg/l of culture for the canine lysozyme, 25 mg/l in the case of hen-egg lysozyme, 10 mg/l for T.japonica and 0.6 mg/l for tobacco hornworm (Manduca sexta) (Garcia-Orozco et al., 2005) . Expression level of EL reached during this study (50 mg/l of culture) was most similar to the canine lysozyme. The refolding procedure was a critical step in the purification of the EL. Glutathione was frequently effective for the refolding of the recombinant lysozymes. This compound was used for the refolding of the recombinant lysozyme from tobacco hornworm (Garcia-Orozco et al., 2005) , hen egg (Schlorb et al., 2005) and T.japonica (Takeshita et al., 2004) . A thioredoxin system was applied to obtain the folded canine lysozyme (Koshiba et al., 1999) . We found that arginine is applicable for the refolding of EL; however, a part of the EL (about 20%) precipitated due to misfolding.
After solubilisation, refolding and proteolysis, a pure recombinant EL was active. The specific activity (25 000 U/ mg) was lower than the native (38 000 U/mg) or A.niger (37 500 U/mg) produced ELs (Spencer et al., 1999) . A possible explanation for this difference is that the recombinant EL (variant EL13) expressed in E.coli cells possesses three additional N-terminal amino acid residues (glycine, alanine and methionine), required for the construction of the recombinant plasmid and protease digestion. These additional amino acid residues can influence protein properties and folding, as it is known that even one additional methionine residue at N-terminus affects the stability and solubility of a-lactalbumin and lysozymes when these proteins are expressed in E.coli cells (Takano et al., 1999; Mine et al., 1997; Ishikawa et al., 1998) . The His-tagged EL was almost inactive prior to TEV proteolysis. Its activity was about 5000 times lower than those of the EL13 after the protease digestion. So, alterations of the protein N-terminus are responsible for the EL activity.
Despite the incorrect folding during the growth, recombinant EL13 takes the correct active structure after refolding and proteolysis. Moreover, it forms amyloidal structures, analogical to the native protein under the destabilising conditions. The Ca 2þ influence on the fibril formation of the recombinant EL was different from those of the native protein. For the recombinant EL, ring forms and straight fibrils are observed both in the presence and absence of Ca 2þ , the dominant form in both cases are ring-shaped structures. The native EL mostly forms the ring-shaped fibrils in the absence and the straight fibrils in the presence of Ca 2þ (Malisauskas et al., 2003) .
It is interesting to note that under fibrillation conditions, the same as for the recombinant EL, the protein with the His-tag does not form any filamentous structures. Only amorphous aggregates are produced under these conditions (data are not shown). The His-tag hinders not only the formation of active protein but also the formation of the fibril structures.
The expression of EL in E.coli reached a high level and may be further enhanced by optimising the culture conditions and adjusting fermentation. The system described here provides a strong basis for further development of the E.coli-produced recombinant EL and its future application for preparation of the mutants and isotope-labelled samples applicable for the deeper structural studies of this amyloid protein.
